The BEAMnrc code was used for the simulation of the Theratron Equinox-80 telecobalt machine. The phase space of radiation beam was generated at treatment distance of 80 cm for various field sizes. The phase spaces in air were analyzed by BEAMdp data processing program. The electron energy fluence with respect to photon energy was 0.09% and 0.34% for field size of 05 × 05 and 35 × 35 cm 2 respectively and it was maximum at the central axis which gradually decreases beyond this. The profiles for photon fluence were in symmetry for all the fields. The full width at half maximum of profiles in photon energy fluence shows good agreement with the field size. The photon energy fluence was flat till the field size of 27 cm 2 , after which it decreases gradually till the edge in larger field sizes. The air-kerma output factor from the simulation was in good agreement with measured value. We analyzed the dose data scored in the voxels in a large water phantom by simulation using dosxyznrc code. The percentage depth dose for all field sizes was in good agreement with the BJR supplement 25 and the data supplied by the manufacturer of machine. Significant deviation of about 20% in isodose line near the edge of the profile was observed for 35 × 35 cm 2 field size. The penumbra widths of all field sizes were comparable except for 35 × 35 cm 2
Introduction
There is a long history of use of telecobalt unit in treatment of cancer. Due to its cost effectiveness, the unit is still being used for conventional treatment in radical and palliative radiotherapy treatment. The 3-D conformal radiation therapy is performed with the availability of the treatment planning system and radiation field analyzer. The new treatment modalities such as intensity modulated radiotherapy and image guided radiotherapy are also now facilitated in the telecobalt unit [1] [2] [3] . The dosimetry and treatment planning in the telecobalt unit is straightforward as compared to the linear accelerator. The dosimetric data published as supplement in British Journal of Radiology have been universally accepted for the dose calculation and as a reference for comparison [4] . The radiation field analyzer is used for the measurement of the depth-dose data and dose profiles for the purpose of input data in treatment planning system. Several authors have performed the simulation of various telecobalt units for the study of dosimetry parameters [5] - [12] .
Mora et al. studied the relative air kerma, influence of collimation system on the photon spectra, and the effect of electron contamination in output in Eldorado telecobalt unit using BEAMnrc code [6] . Sichani et al. used the MCNP code to simulate the Th-780E cobalt therapy unit to calculate the effects of each unit component on the photon spectrum at the phantom surface [7] . Miro Co radiotherapy unit with GEANT4 for different beam field sizes to generate the dose distributions inside the phantom [9] . Kumar et al. studied the Theratron Elite100 telecobalt machine using BEAMnrc Monte Carlo simulation code where photon energy spectrum is obtained at the bottom end of the primary collimator as well as at the top of the water phantom surface which is kept at 100 cm away from the radiation source [10] . Burns et al. compared the peak scatter factor from Monte Carlo calculated with the published BJR 17 data [11] . Tedgren et al. performed the simulation of 60 Co unit at secondary standard dosimetry laboratory for comparison of results with the measurement data [12] .
The present study was planned to simulate the Theratron Equinox-80 telecobalt machine using BEAMnrc code for dosimetry purposes. In the process, first it was planned to generate the phase space of radiation beam for various field sizes at the treatment distance. The phase spaces were to be analyzed for the symmetry, flatness and geometric accuracy with the collimation system using BEAMdp program. The relative air kerma for various field sizes was to be calculated and to compare with the measured data. The phase space for various field sizes at treatment distance was planned to use as a source for the dose calculation in water phantom using dosxyznrc code. The BEAMnrc as well as dosxyznrc code is coupled with EGSnrc user-code for the simulation of coupled electron-photon transport for particle energies ranging from 1 keV to 10 GeV for the accurate and precise dose calculation in medium [13] - [18] . The Monte Carlo calculation method takes prolonged time in dose calculation in the small voxels to achieve higher accuracy. The most of the authors have limited their simulation study over the calculation of few selected dosimetric data. The present study was planned for dose calculation in large scale for complete dosimetry in water phantom. The dose data calculated over the phantom were analyzed to derive the depth-dose curve and dose profiles at different depths for various field sizes.
Materials and Methods

Simulation of Telecobalt Unit
The present study uses the BEAMnrc Monte Carlo simulation code, designed for the modeling of radiation beams including high energy electron and photon beams from radiotherapy units such as telecobalt, linear accelerator etc. [13] . The Theratron Equinox-80 cobalt unit from Best Theratronics, Ottawa, Canada was simulated realistically for its various components such as source housing, source, fixed and movable collimators. The detail simulation configuration of the unit is shown in Figure 1 The five pairs of X and Y movable jaws and trimmer bar were configured for defining the field size as per the rule suggested by Mora et al. [6] . The center of the bottom face of the source is diagonally projected through lower edge of trimmer bar to define the field size as shown in Figure 1 The phase-space was generated at plane 1 below trimmer bar and at plane 2 at treatment distance of 80 cm from the source.
Simulation Process
The cylindrical cobalt-60 source was characterized for isotropic emission of bare Co-60 spectrum. The scoring plane for phase space was defined at below the last trimmer bar 
Analysis of Phase Space
BEAMdp (BEAM data processor) is a program, originally developed for the OMEGA (Ottawa Madison Electron Gamma Algorithm) project, to analyze the BEAM phase space data and to derive the spectral, planner fluence distributions for use by beam characterization models [17] . The BEAMdp programme was utilized in the present study to analyze the following parameters: 1. Fluence vs. position: the total number of particle (Photon, electron, and both) scored in 200 spatial bins of equal area along the X-axis and Y-axis for various field sizes in a phase space files.
2. Energy fluence vs. position: the total particle (Photon, electron, and both) energy scored in 200 spatial bins of equal area along the X-axis and Y-axis for various field sizes in a phase space files. This is obtained by multiplying each particle weight by its kinetic energy before scoring in a bin.
3. Spectral distribution: the particle (Photon, electron, and both) scored in a user defined field vs. energy with 200 energy bins of equal bin width within a specified field size in X-axis and Y-axis for various field sizes. Fluence is normalized to the bin width and the number of incident particles.
4. Energy fluence distribution: the particle energy (Photon, electron, and both) fluence scored in user defined field vs. energy with 200 energy bins of equal bin width within a specified field size in X-axis and Y-axis for various field sizes. Fluence is normalized to the bin width and the number of incident particles.
5. Angular distribution: the total number of particles (Photon, electron, and both) scored in an angular bin of equal bin width within a specified field size in X-axis and Y-axis for various field sizes. Each data point in the data file represents the total number of particles scored within a given angular bin (the angle between the particle incident direction and the z-axis).
6. X-Y scatter plot from a phase-space data file (X-Y scatter plot): a plot of the X-Y positions of particles (Photon, electron, and both) having a user-specified charge and latch setting within a specified field size.
The BEAMdp programme generates the above data in text form. The data obtained from the phase space files is plotted using GRACE software. The GRACE is 2D graph plotting software for UNIX like operating system, which is a free WYSIWYG 2D graph plotting tool.
The air kerma at isocenter at 80 cm along the central axis from the source was calculated. The energy fluence data for photon and electron was derived from phase space. 
Dose Calculation in Water Phantom
The dose calculation in water phantom was performed using dosxyznrc code. The dos-xyznrc is a general purpose Monte Carlo EGSnrc user-code for absorbed dose calculation in user defined medium in three dimensions [18] . phase space depends upon the field size and phantom volume, which was 2.5 × 10 9 to 5 × 10 9 to achieve the reasonable accuracy. The accuracy achieved in dose calculation is higher at lower depths and decreases with increase in depth due to low photon fluence.
After the calculation the dose detail in the phantom is saved in .3ddose file. The dosxyz_show program was then used to display the dose distribution in three dimensions
x-z and y-z coordinates plane from .3ddose and .egsphant files. The .egslst file was used to extract the dose data along the central and off-axis at various depths for all the field sizes for analysis.
Results and Discussions
The phase space data were analyzed by generating profiles on various parameters along the X-off axis at mid plane of the field. The uncertainties in the result of photon energy fluence in different radial zones of the field were within ±0.02%. The profiles of photon . The electron energy fluence was maximum at central axis and decreases drastically towards the off-axis. The electron fluence out side of the field is also significant due to scatter of electron in air.
The air kerma calculated for various field sizes were normalized with the air kerma for reference field size of 10 × 10 cm 2 . The measurement of air kerma in Theratron Equinox-80 machine was performed using 0.6 cc ionization chamber placed at 80 cm along the central axis of beam. The field sizes taken in the measurement were similar to the field sizes in simulation study. The comparison of result of air kerma output factor from simulation and measurement is shown in Table 2 . The results were in very good agreement. It is observed that the measured output factor increases with the increase in field size till 27 × 27 cm 2 and thereafter saturates for higher field sizes. This justifies the findings in the profile of photon energy fluence vs. position, where the energy fluence decreases at 13.5 cm off-axis from the central beam.
The energy fluence (MeV/incident particle) distribution (i.e. vs. energy) for photon for 10 × 10 cm 2 field size is shown in Figure 4 (a). There are two photon energy fluence peaks at 1.17 and 1.33 MeV respectively. The contribution from the low energy scattered photon is very small, however, which increases with increase in photon energy.
The detail analysis on scattered photon spectra have been presented by Mora et al. [6] , and Shin et al. [9] . The photon spectra in this study were in agreement with their results. The electron energy distribution for three different field sizes is shown in Figure  4 (b). The energy fluence increases with increase in energy of electron and reaches maximum at particular energy and then decreases. The maximum energy of recoil electron was 1.2 MeV. It was observed that the electron energy of maximum fluence decreases with increase in the field size. The results of electron energy distribution for various field sizes in the present study were in agreement with the study of Mora et al. [6] . The mean energy (MeV) of photons in various field sizes is 1.02 MeV, which is much lower than the expected value of 1.25 MeV. The angular distribution of peak photon energy fluence (i.e. angle between photon direction and z-axis) were 2.0˚, 4.5˚, 7.0˚ and 11. Figure 4 . Profiles for energy distribution (MeV/incident particle) of (a) photon for 10 × 10 cm 2 and (b) electron for three field sizes at 80 cm from the source.
X-Y scatter plot for 20,000 photons for the field size of 10 × 10 cm 2 at 80 cm distance is shown in Figure 5 . The radiation beam of useful field size is clearly demarcated for X and Y axis for 10 cm width.
The details of simulation data of dose calculation in water phantom for various field sizes are shown in Table 3 . It shows the no. of histories, calculation time, maximum dose par incident particle in any voxel and the accuracy. 10 cm for all the field sizes. The accuracy varies from 1.5% -2.5% for the depths between 10 cm and 20 cm. The accuracy was more than 2.5% at depths higher than 20
cm. The values were found about 5% at maximum depth of 40 cm. The number of histories simulated from the source in the present study was 10
10
, which is very high compare to 4 × 10 9 and 2 × 10 9 histories by Shin et al. [9] and Praveen et al. [10] respectively. The information of the radiation absorbed dose (Gy/per incident particle) calculated in the voxels over the phantom is saved in . various field sizes at different depths is evaluated from the dose profile and shown in Table 4 . The width is evaluated not only for isodose line between 80% and 20% but also between 90% and 20%. The penumbra width for profile of 10 × 10 cm 2 field size at 0.5 cm depth was 1.15 (±0.05) cm which is comparable to the telecobalt unit Bhabhatran-I
and Theratron Elite 80 [20] . It is observed that the penumbra width increases with in- profile between x and y axis at 5 cm depth for 10 × 10 cm 2 field size is shown in Figure   11 . The profiles show that the effect of the position of x and y trimmer bar in penumbra width is 2 mm.
The larger penumbra width in 30 × 30 cm 2 and 35 × 35 cm 2 field size shows that there is large deviation in the dose over the edge of the field. The unflatness is found 20% at the edge of the field. This is matter of concern in case of treatment using large 
Conclusion
The present study performs the simulation of Theratron Equinox-80 telecobalt machine using BEAMnrc code for beam analysis and dose calculation in water phantom. The beam profiles in air show influence of the collimation system on the spectra of photon and electron. It was also found that the air kerma output factor saturates after certain field size which is comparable to the measurement data, also exhibits the accuracy of the realistic modeling of the Theratron Equinox-80 telecobalt machine. The relative electron energy fluence compared to photon increases with increase in the field size.
The depth dose curves were in good agreement with the published data by BJR as well as measured data for Theratron Equinox-80 machine supplied by the supplier. The dose profiles at various depths were also in good agreement with the data provided by the supplier, except for the larger fields. A high dose gradient near the edge of the fields may be carefully planned for accurate and uniform dose delivery in larger field treatment.
